Background and aims: Inflammation plays a key role in atherosclerosis. The complement system is involved in atherogenesis, and the complement receptor 1 (CR1) plays a role facilitating the clearance of immune complexes from the circulation. Limited evidence suggests that CR1 may be involved in cardiovascular disease. We investigated the relationship between CR1 gene polymorphisms and cardiovascular risk. Methods: Single nucleotide polymorphisms (SNPs) within the CR1 region (n ¼ 73) on chromosome 1 were assessed in 5244 participants in PROSPER (PROspective Study of Pravastatin in the Elderly at Risk) (mean age 75.3 years), who had been randomized to pravastatin 40 mg/day or placebo and followed for a mean of 3.2 years. Logistic regression, adjusted for gender, age, country and use of pravastatin, was used to assess the association between the SNPs and cardiovascular disease. Results: All 73 SNPs within the genomic region of the CR1 gene on chromosome 1 were extracted. In this region, strong LD was present leading to the occurrence of two haploblocks. Twelve of the 73 investigated CR1 SNPs were significantly associated with the risk of fatal or nonfatal myocardial infarction (all p < 0.05). Moreover, most of the associated SNPs were also associated with levels of serum C-reactive protein (CRP). The global p-value for the tail strength method to control for multiple testing was 0.0489, implying that the null hypothesis of no associated SNPs can be rejected. Conclusions: These data indicate that genetic variation within the CR1 gene is associated with inflammation and the risk of incident coronary artery disease.
Introduction
Inflammation plays a key role in the development of atherosclerosis. Lipoproteins can migrate into the subendothelial space, where they can induce inflammation, foam cell formation and atherosclerotic plaque development [1, 2] . Several inflammatory markers, such as C-reactive protein (CRP), interleukin-6 and leukocyte count have been associated with the risk of cardiovascular disease [3, 4] , and after myocardial infarction, levels of interleukin-6, CRP and leukocyte count increase [5] . Interleukin-6 is the main stimulant of the hepatic synthesis of acute phase proteins, such as CRP [6] .
The complement system is involved in this inflammatory condition leading to atherogenesis. The terminal complement complex, C5b-9, colocalizes with CRP in human atherosclerotic lesions [7] . Furthermore, elevated levels of serum complement component 3 (C3) have been associated with the presence of myocardial infarction, and predict the risk of future coronary events [8, 9] .
The complement receptor 1 (CR1) is found on the membranes of many cell types, including erythrocytes, granulocytes, monocytes and macrophages [10] . CR1 is a receptor for the complement proteins C3b and C4b [10] . Via this receptor, erythrocytes carry immune complexes from the circulation to the spleen and liver, where the immune complexes are transferred to phagocytic cells [11] .
Recently, it has been postulated that CR1 on erythrocytes may also be involved in the clearance of atherogenic lipoproteins [12e14]. Besides a role in the clearance of immune complexes and lipoproteins, CR1 can also inhibit complement activation, by acting as a cofactor for the factor I-mediated breakdown of C3b into iC3b [10, 15] .
A large intra-individual variation in the number of CR1 molecules per erythrocyte has been described, with values ranging between less than 100 to 1200 molecules per cell [16, 17] . Erythrocytes loose CR1 molecules during their aging process in the circulation [18] . Accelerated and sometimes reversible loss of erythrocyte-CR1 has been described in patients with several types of inflammatory and non-inflammatory diseases, such as severe acute respiratory syndrome [19] , tuberculosis [20] , insulin-dependent diabetes mellitus [21] and systemic lupus erythematosus [22] . In addition to these conditions, several polymorphisms in the CR1 gene have been related to erythrocyte CR1 expression, including the Pro1827Arg (C 5507 G, rs3811381) SNP in exon 33, the His1208Arg (A 3650 G, rs2274567) SNP in exon 22 and the HindIII restriction fragment length polymorphism (RFLP, T 520 C, rs11118133) in intron 27 [17, 23, 24] . These three polymorphisms are in strong linkage disequilibrium (LD) [25] .
The role of the CR1 gene in cardiovascular disease and atherosclerosis remains unclear. The goal of the present study was to investigate the relationship between CR1 polymorphisms and cardiovascular disease.
Materials and methods

Study population
All data come from the PROspective Study of Pravastatin in the Elderly at Risk (PROSPER). A detailed description of the study has been published elsewhere [26, 27] . In short, elderly subjects (aged 70e82 years) with a history of vascular disease, or increased vascular risk, were enrolled in Scotland, Ireland and the Netherlands. The primary study endpoint was death from coronary heart disease, non-fatal myocardial infarction (MI), and fatal and non-fatal stroke. Secondary endpoints were the separate coronary and cerebrovascular components of the primary endpoint. The study protocol was approved by the medical ethics committees of each participating institution. All study subjects gave written informed consent. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki.
Genotyping
In the PHASE project, whole genome wide screening has been performed, as has been described in detail previously [28] . From this GWAS study, we selected all single nucleotide polymorphisms within the CR1 region on chromosome 1 (n ¼ 73) with PLINK software. Taking a relatively stringent R 2 threshold (>0.8), using LDlink (https://analysistools.nci.nih.gov/LDlink/) [29] , we observed three sets of SNPs. The R 2 -matrix for these 12 SNPs is shown in Supplementary Table 1.
Laboratory measurements
All measurements were performed on samples stored at À80 C. CRP was measured by automated particle-enhanced immunoturbidimetric assay (Roche, UK). This method has an inter-and intra-assay coefficient of variation of 3%. IL-6 was determined using a high-sensitivity enzyme-linked immunosorbent assay (R&D Systems, Abingdon, UK) with inter-and intra-assay coefficients of variation of <6% and sensitivity of 0.16 pg/mL. White blood cell count (WBC) was measured by a fully automated system Sysmex XE-2100 (TOA Medical Electronics, Kobe, Japan).
Statistical analysis
Allele frequencies were estimated and pairwise LD between the investigated SNPs was estimated and plotted with the program Haploview. Associations between the CR1 SNPs and laboratory measurements were assessed with linear regression adjusted for sex, age, and country. Logistic regression was used to associate the CR1 SNPs with cardiovascular outcomes adjusted for sex, age, country, and pravastatin treatment. All statistical analyses were performed with PLINK statistical software (http://pngu.mgh. harvard.edu/~purcell/plink/download.shtml#download). To control for multiple testing, we calculated global p-values using the tail strength method [30] . In short, the tail strength measures how much p-values in a set differ from the expected uniform distribution under the null hypothesis and sums up these differences into single-test statistics. The tail strength is powerful when many small effects exist in the data [30] . Since SNPs are not independent, empirical p-values were computed using permutations. SNPs were permuted as a block, keeping intact the relationship between covariates and outcome. Individual tests were based on a Coxmodel (coxph) and 2 Â 10 4 permutations were used. Computations were parallelized using package parallelize.dynamic [31] . Global p-values were computed using R version 3.2. Table 1 shows the baseline characteristics of the 5244 participants of the PROSPER Study. Supplementary Table 1 shows the characteristics of subjects who developed fatal or nonfatal myocardial infarction versus those without myocardial infarction. The mean age of participants was 75.3 years and approximately 50% were female. Due to the inclusion criteria of PROSPER, almost 50% of the participants had a history of vascular disease. Mean followup of study subjects was 3.2 years (range 2.8e4.0).
Results
From the GWAS database including 2.5 million SNPs, we extracted all SNPs within the genomic region of the CR1 gene on chromosome 1 (n ¼ 73). Fig. 1 shows the CR1 gene structure with the location of the investigated SNPS. Strong LD is present within the genomic region of CR1 leading to the occurrence of two haploblocks as shown in Fig. 1 . All SNPs were in Hardy Weinberg equilibrium (p > 0.05).
During follow-up, 12.7% of the patients developed a fatal or nonfatal MI, 4.8% experienced fatal or nonfatal stroke, 5.3% died from cardiovascular disease and the overall mortality was 11.7%.
Twelve of the 73 investigated CR1 SNPs were significantly associated with the risk of fatal or nonfatal MI. These SNPs, and their corresponding odds ratio for MI with 95% confidence intervals, are depicted in Fig. 2A . The minor allele frequency of the CR1 SNPs rs3886100, rs2274566, rs11118157, rs6691117, rs7519119, rs7542544, rs11803956, rs12041437, rs12034383 and rs11803366 was associated with a decreased risk of coronary artery disease, while the minor allele frequency of SNPs rs10127904 and rs17259038 was associated with increased risk. Seven out of 10 SNPs associated with decreased risk of MI, were also associated with lower levels of CRP. Hence, the two SNPs associated with an increased risk of MI showed an association with higher CRP levels, although not statistically significant. The 12 SNPs were not associated with leukocyte count or levels of interleukin-6 (data not shown). The global p-value for the tail strength method to control for multiple testing was 0.0489, implying that the null hypothesis of no associated SNPs can be rejected. Supplementary Fig. 1 shows the association of the investigated SNPs with vascular and all-cause mortality and with fatal and nonfatal stroke. In line with the results for risk of MI, SNPs rs3886100 and rs2274566 were associated with decreased risk of vascular and all-cause mortality, while SNPs rs10127904 and rs17259038 were associated with increased vascular and all-cause mortality. SNPs rs7542544, rs11803956, rs12041437 and rs12034383 were associated with decreased vascular mortality, but not with all-cause mortality. None of the investigated SNPs was associated with risk of stroke.
Further adjustments for smoking, diabetes, hypertension, average LDL cholesterol during follow-up, history of MI, history of stroke, and log-transformed CRP did not materially change the results (data not shown).
Discussion
We investigated the relationship between CR1 polymorphisms and cardiovascular risk in PROSPER, a prospective randomized trial in which elderly subjects received pravastatin or placebo. After a mean follow-up of 3.2 years, 12 SNPs in the CR1 gene were associated with risk of fatal and nonfatal MI. In addition, several SNPs associated with decreased risk of MI were also associated with lower levels of CRP. Furthermore, many of the investigated SNPs were associated with the risk of vascular and all-cause mortality.
To date, two previous studies have investigated the relationship between CR1 polymorphisms and cardiovascular risk. Buraczynska et al. found that the GG phenotype of the Pro1827Arg polymorphism, corresponding to decreased erythrocyte-CR1 expression [23, 32] , was more prevalent in end-stage renal disease patients with a history of cardiovascular disease than in those without cardiovascular disease [33] . In contrast, Boiocchi et al. described a lower prevalence of the GG variant in hypercholesterolemic patients with a history of coronary artery disease than in healthy controls [34] . However, in that study, the total number of patients with the GG variant was only 20. Unfortunately, this polymorphism was not present in the database of our GWAS.
No previous studies have assessed the relationship between the 12 presently described CR1 SNPs and cardiovascular disease. However, the minor alleles of the rs12034383 and rs6691117 SNPs have been associated with lower erythrocyte sedimentation rate [35] . The lower risk of MI, which we observed in carriers of the minor allele rs12034383 and rs6691117, and lower levels of CRP in rs12034383, are in line with the previously reported lower inflammation in these subjects [35] . Several markers of inflammation, including CRP [3] , IL-6 [3] and white blood cell count [4] , have been associated with increased cardiovascular risk. Several CR1 SNPs that were significantly associated with cardiovascular risk in the present study, were also associated with levels of CRP, but not with IL-6 or white blood cell count. CRP is synthesized in the liver, primarily in response to IL-6 [36] . When CRP binds to the phosphocholine groups on the surface of, for instance, bacteria, this activates the complement system and induces an inflammatory cascade to destroy the ligand [37] . Complexes of CRP with soluble ligands may bind to CR1 on the erythrocyte surface and thus be cleared from the circulation [38] . This direct interaction between CRP and CR1 may explain the observed association with the CR1 SNPs. In the present study, we found no evidence for a direct effect of CR1 gene polymorphisms on levels of IL-6 or leukocyte count.
We hypothesize that the mechanism behind the observed relationship between CR1 polymorphisms and the risk of coronary artery disease involves the level of CR1 on circulating erythrocytes. This may affect cardiovascular risk in several ways. Firstly, polymorphisms leading to lower expression of CR1 on these cells may result in reduced clearance of immune complexes from the circulation, resulting in a pro-inflammatory and therefore, a proatherogenic situation. Secondly, lower erythrocyte-CR1 expression may be pro-atherogenic due to less binding of atherogenic lipoproteins to erythrocytes. We have previously demonstrated in vivo that circulating human erythrocytes are able to bind atherogenic apolipoprotein B-containing lipoproteins [12, 39] . The binding of these lipoproteins by circulating blood cells was associated with a reduced prevalence of atherosclerosis [12, 39] . Possibly, this binding of atherogenic particles by blood cells prevents their interaction with the endothelium, and we have speculated that erythrocytes contribute to removal of the lipoproteins from the circulation [40] . In vitro and ex vivo work from our group indicates that CR1 is a likely candidate receptor for the binding of lipoproteins to circulating blood cells [13] .
A limitation of the present study is that we did not quantify erythrocyte-bound CR1 in our patients. We do not know whether these SNPs lead to functional changes in the CR1 protein, although the observed relationship with CRP levels and the previously reported relationship with erythrocyte sedimentation rate suggest functionality. Another limitation is that we did not correct for multiple testing with the more common Bonferroni correction. Due to the large number of SNPs analyzed, the Bonferroni adjusted pvalue would have been 6.8 Â 10 À6 (0.05/73). However, we noticed by checking the haplotype structure within the gene, that there were only two major haploblocks with very strong LD. This indicates that the 73 investigated SNPs were not all independent of each other and that using the Bonferroni correction would have been too conservative. Instead, we used the tail strength method to control for multiple testing, since this test is powerful for studies with strong LD (dependency) and with small effect sizes. Since we found a significant p-value with this test as well, we consider our results to be valid and not false-positive. Another limitation is that these data were obtained in a single cohort, and these findings need to be confirmed in an independent cohort. In addition, we investigated a group of subjects aged 70 years and above. While the impact of CR1 gene polymorphisms, and their influence on inflammation and atherosclerosis, may be most pronounced in a group of elderly individuals, if CR1 gene polymorphisms lead to premature death before the age of 70, we may underestimate the true effect of these polymorphisms. Furthermore, future studies investigating the functionality of these CR1 SNPs are necessary.
In conclusion, genetic variation within the CR1 gene is associated with inflammation and risk of incident coronary artery disease. These data further strengthen the evidence for the role of the complement system in atherosclerosis.
